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ABSTRACT

Density functional theory calculations (DFT),
Raman and atomic force microscopy (AFM) were
employed to study the surface chemistry of ultra thin
films of RDX on glass substrates. The preparation
method played a major role in the morphology of the
RDX films. Dispersed particles (500 nm) and larger (25
Mm) crystals were observed in AFM. The vibrational
fingerprint of RDX indicates the presence of B and o
RDX phases. DFT calculations predict the RDX
molecule to have all three NO, groups in axial position
with respect to a distorted triazine ring. The agreement
between calculated and measured Raman frequencies
was excellent. Measured Raman intensities and
depolarization ratios were found to lie between 0.61 and
0.75, indicating that the vibrational modes have low
symmetry.

INTRODUCTION

Hexahydro-1,3,5-trinitro-s-triazine, better known as
RDX, is a powerful secondary explosive that has
attracted considerable attention due to its interesting
structure and unique properties'. The structure of gas
phase RDX obtained from density functional theory
calculations at the 6-311++G** level is shown in
scheme 1. It consists of three NO, groups bonded to the
nitrogen atoms of the chair conformer of a triazine ring.
In the solid state, two RDX structures are known. These
two structures differ by the spatial orientation of the
NO, groups with respect to the triazine ring. In # RDX,
all NO, groups are believed to be oriented in axial
position. In a RDX one NO, group is located in
equatorial and two NO, groups are in axial positions
with respect to the triazine ring. We report here results
on the synthesis and characterization of 3 RDX on glass
and aluminum substrates using Raman, atomic force
microscopy and X-ray photoelectron spectroscopy
(XPS). Raman microscopy is a very attractive approach

for a selective sensor development due to its sensitivity
to phase symmetry. Interpretation of Raman data,
however, requires detailed knowledge of the structure
and vibrational modes of the phases examined. We have
expanded earlier theoretical work by performing
calculations at the B3LYP level using the 6-311++G**

Scheme I: Optimized RDX structure at the
DFT/6-311++G** level.

basis set to determine Raman frequencies, intensities,
and depolarization ratios. We found a close agreement
between measured and calculated vibrational
frequencies for B and gas phase RDX, respectively. The
agreement between measured and calculated Raman
intensities and depolarization was very poor. We found
no evidence for strongly polarized Raman bands, which
suggests that the RDX molecules in the  phase do not
have strongly symmetric vibrational modes or may
consists of randomly oriented molecules.

EXPERIMENTAL
Raman spectra were acquired using a commercial
Renishaw RM 2000 Raman Microspectrometer with
vibrational and white light imaging capabilities. The



514.5 nm line of a Coherent INNOVA 308 Ar" ion laser
was used as the excitation source for the Raman
measurements. RDX was deposited on the substrates
from a RDX/acetonitrile solution purchased from
Cerilliant. The solvent was allowed to evaporate at
room temperature after the deposition. No signals due
to acetonitrile where observed in the Raman
measurements reported here. Raman intensities reported
here have been corrected for detector sensitivity,
determined by comparing the Raman spectrum of aspirin
with literature values. Density functional theory
calculations (DFT) were performed using the Gaussian
98 (GAUSSIAN, Inc., Pittsburgh, PA) package in a Dell
Dimension XPS T450 desktop computer system. The
Hyperchem software package was used for visualization
purposes. AFM measurements were performed in a
Parks instrument.

RESULTS
Representative AFM images following RDX
deposition on a roughened aluminum substrate is shown
on figure 1. Small particles, of about 500 nm in size, are
readily identified on figure 1.

Figure 1: AFM measurements of § RDX particles
on a rough aluminum substrate.

Single particle Raman spectroscopy measurements
revealed that the ring breathing frequency in these
particles is centered at about 877 cm™, consistent with
the presence of the f RDX phase. Clean patches of the
aluminum substrate are clearly distinguishable from
RDX covered areas, indicating that amount of RDX
deposited is not enough to saturate the substrate surface.
Homogenous deposition of larger amounts of RDX
resulted in the formation of RDX layers with a
vibrational fingerprint characteristic of @ RDX. AFM
images on glass substrates showed the formation of
islands of 3 RDX particles.

The lower trace in figure 2 shows the Raman
spectrum between 100 and 1750 cm™ (left panel) and
between 2850 and 3150 cm™' (right panel) obtained for
the glass substrate used in the work presented here.
Only broad signals at 1113.5 and 581.9 cm™' are
observed in Raman measurements of the glass substrate.
The middle and upper traces in figure 2 represent typical
Raman spectra obtained following the exposure of a
glass substrate to the RDX/acetonitrile aerosol for
enough time to form the B and o RDX phases,

respectively. The glass substrate signals were readily
attenuated after the deposition of B RDX particles on the
substrate.
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Figure 2: The lower, middle and upper traces
represent the Raman spectra of the glass substrate,
the B and o RDX phases, respectively. The left and
right panels represent the Raman spectra between
100 and 1750 cm™ and between 2850 and 3150
em’™, respectively.

The Raman spectra of f RDX is characterized by an
intense signal at about 877 cm™ due to the symmetric
ring breathing mode. Weaker signals are observed
below the symmetric ring-breathing mode. These
signals are centered at 600, 498 and 234 cm™' due to the
NO; scissors and rocking modes, respectively. A
number of methylene deformations and symmetric NO,
stretches are observed between 1000 and 1400 cm™ The
broad band at about 1575 cm™ is assigned to the
asymmetric NO, stretch. There is an increase in the
complexity and number of peaks in the Raman spectrum
of the o RDX phase. The broad Raman peaks in the
asymmetric N-O stretching regions are split into three
peaks at 1594.6, 1572.7 and 1554.9 cm™. The structure
of the Raman spectrum between 1000 and 1500 cm™ is
significantly altered. The methylene deformation bands
between 1400 and 1500 cm™ are split into a number of
broad bands with shoulders at 1348, 1372, 1385, 1423,
1434 and 1460 cm™. The N-N stretching frequency at
1227 cm™ is one of the strongest peaks between 1000
and 1500 cm™ in the Raman spectrum of a RDX, while
it is just a small shoulder in the f RDX Raman spectra.

The ring breathing mode in o RDX appears at 884
cm™, about 7 cm™ higher than in the 3 RDX phase. The
ring breathing mode frequency has traditionally been
taken as indication of ring strain. For cyclopropane and
cyclobutane, the ring breathing frequency is centered at
1188 and 1005 cm™', respectively. It is located at about
888 cm’' in cyclopentane and at 801 cm' in
cyclohexane. For B RDX, we found that the ring
breathing frequency is about 76 cm™ higher than in the
chair form of cyclohexane. The evidence for ring strain
suggests that intramolecular or intermolecular
interactions may be important in the properties of 3
RDX. Assuming that the 3 RDX molecules have the
structure shown on scheme I, we estimate the distance



among the axially positioned NO, groups to be about 3.9
A. This distance may be too large to allow NO,-NO,
repulsions to introduce the observed ring strain.
Repulsions between the ring nitrogen lone electron pair
and the neighboring axial hydrogen atoms, which are
predicted by the calculations to be only about 2.09 A
apart, may account for the observed ring strain. In this
context, we expect the ring strain to decrease with the
number of C-N-C units in the ring. In the eight-member
ring system, HMX, that has four N-NO, groups, the ring
breathing frequency is below 850 cm™ in all the phases
examined, indicating a lower ring strain than in RDX.
In passing we note that the triazine ring in the o phase
shows a higher strain than in the § RDX phase.

Similar differences in the Raman spectra of 3 and a
RDX are observed in the C-H stretching region, between
2850 and 3150 cm™', shown in the right panel in figure 2.
The Raman peaks observed in this region are split in two
regions due to the fact that the splitting observed in the
equatorial C-H stretching frequency is more
pronounced, with peaks at 3073 and 3064 cm™ clearly
identifiable. Raman frequencies in this region are split
into high and low frequency modes due to equatorial and
axial stretching modes, respectively. In B RDX, these

modes are observed at 2982, 2989, 3068 and 3077 cm™.
The equatorial C-H stretching modes are split into peaks
at 3063 and 3074 cm’' in the Raman spectrum of o
RDX. The Raman peaks due to the axial C-H stretching
modes split into peaks at 3000.5, 2947.8 and 2906.1 cm’
'in a RDX.

The increase in the number of Raman signals in
going from B to o RDX has traditionally being
discussed in terms of a decrease in symmetry from Cs, to
C;s. The decrease in symmetry from C;, to C is
consistent with the appearance of doublets of the A’ and
A" type in C, symmetry®. The ring-breathing mode, for
instance, that appears as a single band in the spectrum of
the B phase at 877 cm™ is split into a doublet at 849 and
884 cm™ in the spectrum of the o phase. Further support
for this model is also observed in the methylene-
stretching region. The symmetric methylene C-H bond
stretching band observed at about 2989 cm™' in the
spectrum of B RDX is split into a doublet at 2948 and
3001 cm™ in the spectrum of a RDX.

The theoretical Raman spectrum for the RDX gas
phase calculated at the DFT/6-311**G++ level is shown
on figure 3. The optimized structure is shown on
Scheme I. The agreement between observed and
calculated frequencies is remarkable. The highest
frequency in the calculated spectrum, due to the
asymmetric stretching mode of equatorials C-H, is
centered at 3193 cm™. The strongest peak in the
calculated spectrum, due to the symmetric mode
asymmetric NO stretch is predicted to split into peaks at
1658, 1657 and 1627 cm™. The frequency of the ring-
breathing mode is predicted to appear at 936 cm™ . The
vibrational spectra of [ and gas phase RDX have been

proposed to be similar due to similarities in the structure
of RDX molecules in both phases. Indeed, the infrared
spectra of these phases has been measured and are
remarkably similar in intensity and frequency, as
predicted by theoretical DFT calculations at the
B3LYP/6-311*G++ level. The calculated frequencies
for gas phase RDX at the B3LYP/6-311**G++ level are
in close agreement with the measured Raman
frequencies in B RDX. For instance, the highest
frequency mode in the Raman spectrum of  RDX is
observed at 3075 cm™', which is only about 4 % lower
than predicted in our calculations. The asymmetric NO,
stretch is observed at about 1575 cm'l, about 6 % lower
than predicted in the calculations. Finally the frequency
of the ring-breathing mode is predicted and observed at
936 and 887 cm’', a difference of about 6 %.
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Figure 3: Calculated DFT Raman spectra of gas
phase RDX at the B3LYP/6-311**G++ level.
of axial C-H, is predicted at 3069 cm.

Larger discrepancies are observed in calculated and
measured Raman intensities and depolarization ratios for
gas and B RDX phases, respectively. Table I
summarizes calculated and measured Raman activities,
depolarization ratios for the asymmetric NO; stretch and
the ring breathing mode. Calculated values are indicated
in bold, while measured values are indicated in
parenthesis.

The calculations predict the symmetric stretch of
axial C-H bonds to be the strongest peak in the Raman
spectrum of gas phase RDX. The measurements show
the symmetric ring breathing mode has the highest
intensity in the Raman spectrum of 3 RDX.  The
calculations predict a depolarization ratio of 0.02 for the
ring breathing frequency of gas phase RDX. Our
measurements indicate that the depolarization ratio of
this mode in # RDX has a value of 0.69. The measured
values are free of experimental artifacts as verified in
Raman measurements of the depolarization ratios of
CCly and even o RDX. The calculations predict 30 of
the 57 normal modes in gas phase RDX to have
depolarization ratios below 0.75, the value below which
a mode is considered symmetric. The depolarization
ratios show only eight polarized Raman bands, with




values between 0.61 and 0.74. We conclude that while
the Raman frequencies predicted by theory for gas phase
and measured for 3 RDX are similar, major differences
exist among their intensities and depolarization ratios.

Mode frequency | Raman | pratios
(cm™) intensity

Axial C-H 3069 322 0.12
symmetric (2987) (2.65) (0.8)
stretch
Asymmetric 1658 8 0.75
NO; stretch (1574) (1.0) (--)
Symmetric 936 13 0.02
ring breathing | (887) (7.50) (0.69)
mode

Table I: calculated and measured Raman
frequencies, activities and depolarization ratios for a
few modes in gas and 3 RDX phases

Discussion

Raman intensities and depolarization ratios are
known to be sensitive to the symmetry of a vibrational
mode. For instance, molecules like CCl; have
symmetric C-Cl stretches that have the highest intensity
in the Raman spectra and depolarization ratios of 0.03.
The asymmetric C-Cl stretch, on the other hand, has a
depolarization ratio of 0.75. CCl; belong to the Ty
point group and is considered a molecule of high
symmetry. Thus depolarization ratios are not indicative
of molecular symmetry. Rather, their magnitude can be
associated with the symmetry of a vibrational mode.
Thus the vibrational modes in B RDX appear to have
little symmetry.

Previous works have focused in the similarities
between [3 and gas phase RDX. RDX molecules have
been proposed to have a C3, symmetry in the gas phase.
Calculated bond lengths and angles do not reflect a Cs,
symmetry for gas phase of RDX and predict a number of
strongly polarized Raman active modes. The vapor
pressure of RDX is of the order of 10” torr. Such a low
vapor pressure precluded reliable measurements of the
Raman spectrum and depolarization ratios for gas phase
RDX. We, however, found a close agreement between
calculated IR intensities and frequencies and the results
of Rice and Chabalowski’ for the RDX isomer with all

the NO, groups in axial positions. These authors have
presented a strong case to correlate the infrared
spectrum of gas phase RDX and the RDX isomer with
all NO, groups in axial position. Thus, while we are not
able to measure the Raman spectrum and depolarization
ratios for gas phase RDX, we believe that the structure
summarized in scheme I and the results presented in
table I are an adequate representation of the gas phase
molecule based on the vibrational spectroscopic data
available. The marked difference between the measured
depolarization ratios for f RDX and calculated
depolarization ratios for gas phase RDX lead us to
conclude that the properties of RDX in both phases are
markedly different, despite of the similarities in
measured vibrational frequencies in infrared
spectroscopy experiments.
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